This study employed the time series of thirteen extreme temperature indices over the period 1985-2010 to analyze and compare temporal trends at two weather stations in Riyadh city, Saudi Arabia. The trend analysis showed warming of the local air for the city. Significant increasing trends were found in annual average maximum and minimum temperatures, maximum of minimum temperature, warm nights, and warm days for an urban and a rural station. Significant decreasing trends were detected in the number of cool nights and cool days at both stations. Comparison of the trends suggests that, in general, the station closer to the city center warmed at a slower rate than the rural station. Significant differences were found in a lot of the extreme temperature indices, suggesting that urbanization and other factors may have had negative effects on the rate of warming at the urban station.
Introduction
A better understanding of trends in local extreme temperature has potential benefits to many practical problems. Increasing extremely high temperatures, for example, directly affect energy consumption [1] . In summer 2010, which was the warmest season in Saudi Arabia's record with temperatures reaching 52 ∘ C in Jeddah city, eight power plants throughout Saudi Arabia were forced to shut down, resulting in a loss of power in several cities [2] , leaving people exposed and vulnerable to the extreme temperature. If observed trends indicate that such extreme temperatures are becoming more frequent, energy providers may be able to adapt their electricity supply to minimize the likelihood of widespread power outage. Evidence that localized high temperatures are becoming less frequent, on the other hand, along with assessment of possible causes of the cooling, can be used to develop and implement urban planning strategies to mitigate local-and larger-scale warming [3] [4] [5] .
Multiple recent studies have been dedicated to gaining a better understanding of mean and extreme temperature patterns and trends in Saudi Arabia (e.g., [2, [6] [7] [8] [9] [10] [11] [12] ). One study [7] reported that annual mean air temperature in Saudi Arabia increased at an average rate of 0.60
over the period 1978-2009 and another one [8] showed that the increasing trend was robust across the seasons, although the rate of change did vary seasonally. Annual maximum and minimum temperature also increased over the period 1978-2009 [8] . Other extreme temperature indices, such as extremely hot days (maximum temperature >90th percentile), warm spells (6 consecutive days when maximum temperature >90th percentile), and tropical nights (daily minimum >20 ∘ C) also had increasing trends between 1981 and 2010 whereas the number of hot nights (minimum temperature >90th percentile) and cool days/nights (maximum temperature <10th percentile/minimum temperature <10th percentile) had decreasing trends [9] . Another study [12] also reported trends in a suite of extreme temperature indices over the period , including increasing trends in warm spells, annual summer days (daily maximum temperature >35 ∘ C), tropical nights (daily minimum temperature >25 ∘ C), annual maximum and minimum values, annual mean values of maximum and minimum temperatures, diurnal temperature range, warm days (maximum temperature >90th percentile) and warm nights (minimum temperature >90th percentile), and decreasing trends in cool days (maximum temperature <10th percentile) and cool nights (minimum temperature <10th percentile).
Only a couple of studies have focused on local extreme temperature trends in Saudi Arabia. One study [6] [11] found that monthly and annual mean maximum temperatures increased more than minimum temperatures.
Temperature trend studies tend to focus on regional or larger scale patterns in mean and extreme temperature, but previous studies (e.g., [7, [13] [14] [15] ) have shown that trends can vary over relatively small scales. In Saudi Arabia, [7] illustrated that mean temperature has not increased uniformly and [6, 11] reported disparate results in terms of the number of hot nights for Dhahran and Jeddah City. Variability in temperature trends at the micro-, local-, and mesoscales suggests that localized forcing may have a greater impact than regional and global forcing [14] . Urbanization (i.e., the urban heat island (UHI)), for example, has been shown to influence trends in time series of extreme temperatures recorded at urban stations relative to nearby rural stations [16, 17] . UHI is perhaps most well-known for its creation of warm urban "islands" in the surrounding "sea" of relatively cool rural areas [18] . Urbanization, however, does not have the same effect on temperature in all climates. In arid and semiarid climates, for example, urbanized cities often do not exhibit a strong UHI effect and some even are cooler than the surrounding areas (UHI sink) [19] [20] [21] [22] [23] .
A previous study [24] found evidence of the UHI in Riyadh city when examining air temperature trends at four stations in Saudi Arabia and proposed that the observed increase in annual mean temperature in Riyadh city was likely due to the UHI effect. Another recent study [10] examined the effect of urbanization on air temperature trends in Saudi Arabia by associating population change and air temperature change and concluded that urbanization has had very little effect because the temperature significantly increased regardless of the population changes. These disparate findings warrant additional study to determine whether urbanization has substantially contributed to the warming observed in Saudi Arabia. There also remains the possibility to be explored that increased urbanization has lessened the larger-scale warming trend, as is the case in UHI sinks [19] [20] [21] [22] [23] .
Riyadh city, the capital of the Kingdom of Saudi Arabia, has experienced significant population growth during the last decades. In 1952, the population was about 80 000 and, by 2006, it had increased to 4 600 000 [25] have been shown to be homogeneous (e.g., [9, 10, 27, 28] ). Quality control was applied to the daily data series to detect missing data and errors using RClimdex software [29] to obtain the highest level of accuracy for the analysis. The extreme temperature indices that were calculated and analyzed (Table 1) were drawn from a list of indices recommended by the Expert Team of Climate Change Detection and Index (ETCCDI) that have been used by numerous studies (e.g., [9, 12, 17, [30] [31] [32] ).
Trend Detection and
Comparison. Similar to [17, 30] , the nonparametric Kendall-tau test was used to detect and assess the statistical significance of the linear trends and the least squares method, which is one of the most widely used methods of estimating the slope, or rate of change, of linear trends [33, 34] , was used to estimate the slope of the linear trends. The Kendall-tau test is more powerful than the -test when the data are skewed [35] . In addition to trends that are significant at the 99% and 95% level, those significant at the 90% level also are presented to minimize the likelihood of a Type II error (i.e., failing to reject the null hypothesis of no trend when one actually exists) while still maintaining confidence in the results. The coefficient of variation ( V ), defined as the ratio of the standard deviation to the mean, was calculated to describe the interannual variability of the extreme temperature indices.
The urbanization effect (Δ ur ) analysis presented by [17] can be used to detect significant changes between two trends and was thus used to compare the trends of the two Riyadh city weather stations. Although both stations are located at A r a b i a n G u l f A r a b i a n S e a Saudi Arabia airports, they can be thought to represent relatively urban and rural locations. Riyadh Air Base (Old Station) (urban station) is located within the first urban limit at a distance of 150 m from the city edge and within the urban affected area whereas King Khalid Airport (New Station) (rural station) is approximately 20 km northeast of Riyadh Air Base (Old Station) beyond the second urban limit and is remote from urbanization [10, 24] ( Figure 1 ); [24] used similar reasoning when using these two stations to study the UHI effect of Riyadh city. Δ ur can be quantified with the following equation [16, 17, 36] :
where Δ ur is the urbanization effect, is the slope coefficient from the linear regression run on an extreme temperature index at an urban station, and is the slope coefficient from the linear regression run on an extreme temperature index at a rural station. If Δ ur > 0, the urbanization effect resulted in greater warming amid lesser warming or lesser cooling amid greater cooling, at the urban station; if Δ ur < 0, the urbanization effect resulted in lesser warming amid greater warming or greater cooling amid lesser cooling, at the urban station; if Δ ur = 0, there is no difference in the rates of change, and so the urbanization effect had no influence on the urban station's trend. Another way to estimate Δ ur is to create a time series of the difference in the annual mean values of the extreme temperature indices between Riyadh Air Base (Old Station) (the urban station) and King Khalid Airport (New Station) (the rural station) [36] . The same trend analysis methods previously discussed can then be applied to this time series-the Kendall-tau test can be used to assess the linear trend in the time series for 4 Journal of Climatology statistical significance and the slope coefficient of the least squares linear regression approximates the difference (Δ ur ) derived from (1) [36] .
In addition to detecting significant differences between two trends, (2) can be used to represent the level of the urbanization effects contributions to the overall trend of an extreme temperature index series ( ) and can be expressed as a percentage as follows [16, 17, 36 ]:
The outcome of (2) will range from 0%, indicating no contribution, to 100%, indicating high contribution. Values of that exceed 100% reflect the influence of unknown local factors or data errors [17, 36] .
Results

Trends in Extreme Value
Indices. TXa increased significantly at both stations, at a rate of 0.45 ∘ C decade −1 at the urban station and a rate of 0.69 ∘ C decade −1 at the rural station (Figure 2(a) ). TNa similarly increased significantly at urban and rural station, at rates of 0.68
Comparison of TNa between the urban and the rural station illustrates well the existence of the nocturnal UHI in Riyadh city. Although TNa is greater at the urban station than at the rural station for any given year, the rate at which TNa has increased at the rural station is greater than the rate at which it increased at the urban station. DTR decreased over the period of record at both stations, although statistically significant trends were not detected at either station (Figure 2(c) ). The decrease in DTR is caused by TNa increasing at a greater rate than TXa. Furthermore, because TNa is greater at the urban station and TXa is nearly the same at both stations, DTR is less at the urban station than at the rural one.
TXx increased significantly at the rural station at a rate of 0.49 ∘ C decade −1 , but no trend was detected at the urban station (Figure 3(a) ). TNx increased significantly at the urban and rural station at rates of 0.96 ∘ C decade −1 and 1.01 ∘ C decade −1 , respectively (Figure 3(b) ). No trends were detected in TXn or TNn (Figures 3(c) and 3(d) ). Based on these trends, or lack thereof, the observed increasing trends in TXa and TNa appear to be more the result of increases in maximums rather than minimums. TXx and TNx also displayed less interannual variability than TXn and TNn. (Figure 4(b) ). The rural station displayed the greatest interannual variability in TX90p whereas the urban station displayed the greatest interannual variability in TN90p. (Figure 4(d) ). As with TX10p, the frequency of TN10p during the last decade was substantially lower than that of the previous decade. The urban station had greater interannual variability than the rural station for both TX10p and TN10p. (Figures 5(a) and 5(b) ). Nevertheless, it is evident that WSDI is more frequent in the last decade-60% (53%) of the WSDI total occurred in the last decade at the urban (rural) station-and both sites had their maximum WSDI of 27 in 2010. It is also evident that CSDI was more frequent in the earlier portion of the period of record and is slightly less frequent in the latter portion-86% (65%) of the CSDI total occurred in the first decade at the urban (rural) station.
Trends in Duration Indices
. Neither WSDI nor CSDI had statistically significant trends
Trend Comparisons.
Δ ur was less than zero for all indices except TN10p and TX10p, which represent the annual number of nights and days with daily minimum and maximum temperature <10th percentile, respectively, and significantly influenced the negative trends in the time series of TNa, TXx, TN90p, and TX90p (Table 2) .
ranged from a minimum of 22% (TNa) to a maximum of 167% (TXx) for the significant negative effects. Δ ur significantly influenced only one positive effect, TX10p, with an of 67%. Negative values of Δ ur along with the magnitude of the trends at both stations suggest that urbanization and other anthropogenic factors have lessened the rate of warming at the urban station within Riyadh city's first urban limit compared to the more rural station beyond the second urban limit. For example, increasing trends at the urban station in TXx and TX90p were 0.30 ∘ C decade −1 and 1.65 d decade −1 , respectively, less than the trends at the rural station and the decreasing trend at the urban station in TX10p was 1.66 d decade −1 greater than the trend at the rural station ( Table 2) .
The differential rate of warming between the urban and the rural station has changed the UHI intensity of Riyadh city. The difference between the urban and the rural stations' maximum temperature indices (i.e., TXa, TXx, and TX90p) suggests that the diurnal (i.e., daytime) UHI may have weakened through the late 1980s and became characteristic of a diurnal urban heat sink in the early 1990s ( Figure 6 ). Significant Δ ur was found in the time series of TXx and TX90p, both of which illustrate this transition from a diurnal UHI to a diurnal urban heat sink. TX90p, however, again became characteristic of a diurnal UHI in the last few years of the period of record. Such variability is likely associated with local land cover changes near the weather stations over time. A significant Δ ur was not found with TXa, but the time series does provide visual evidence of the transition from a diurnal UHI to a diurnal urban heat sink. Nocturnal (i.e., nighttime) UHI intensity has not undergone the same Journal of Climatology 1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008 1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008 1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008 8  10  12  14  16  18  20  22  24  26  28  30  32  34  36   1985  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008 6  8  10  12  14  16  18  20  22  24  26  28   1985  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008 8  10  12  14  16  18  20  22  24  26  28  30   1985  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008 transition. A significant negative Δ ur was found with TNa, implying that urbanization has lessened the rate of warming at the urban station, but the decreasing nocturnal UHI intensity has remained positive throughout the period of record.
Summary and Discussion
This study analyzed and compared temporal trends in the time series of thirteen extreme temperature indices at two weather stations in Riyadh city. Statistically significant linear trends were detected in the time series of TXa, TNa, TNx, TN10p, TX10p, TN90p, and TX90p at both stations (and in TXx at King Khalid Airport) (New Station). These trends suggest that temperatures in the upper-end of the distribution are becoming more common and temperatures in the lower end of the distribution are becoming less common in Riyadh city. Such a shift in the temperature distribution is generally consistent with previous trend studies that reported increasing mean temperature in the region (e.g., [9, 10] ).
The trends at Riyadh Air Base (Old Station) near the center of Riyadh city were significantly lower than the trends at King Khalid Airport (New Station) nearly 20 km to the northeast in several indices ( [10] conclusion that urbanization has not substantially contributed to the large-scale warming trend observed throughout Saudi Arabia and also suggest that urbanization may have lessened the rate of warming in urban areas such as Riyadh city compared to surrounding rural areas. This result is consistent with the results reported by [27] who found that small/rural towns warmed at a greater rate than large cities in the Arabian Peninsula and with other studies that have reported urban heat sinks in arid environments (e.g., [19] [20] [21] [22] [23] ).
In arid environments, urbanization often is accompanied by an increase in the amount of vegetation cover compared to the surrounding areas, thereby increasing latent heat flux and shading and decreasing sensible heat flux [37] . This change in energy flux at the surface often lessens the warming trend observed in the surrounding area or even induces a cooling trend [3, 5, [19] [20] [21] [22] [23] [38] [39] [40] [41] . The vegetation cover in Riyadh city has increased over the last several decades, for example, from 38.6 km 2 in 1979 to 58.3 km 2 in 1999 [42] . The increased latent heat flux and shading and decreased sensible heat flux associated with this increase in vegetation cover may have played a role in lessening the rate of warming in the urban affected area of Riyadh city (i.e., near Riyadh Air Base) (Old Station) that was observed in this study. Furthermore, the cooling effect of vegetation is most pronounced during the daytime [43] , which may explain why Riyadh city's diurnal UHI transitioned to an urban heat sink in the early 1990s. These results support the proposition by [5] that increased evapotranspiration in urban areas may be useful to UHI effect mitigation efforts. Additional research is needed, however, to identify which factors are responsible for the lower rate of warming near the urban station. Lastly, it is important to note that the results of this study do not imply that all locations within Riyadh city have experienced the same rate of change in extreme temperature. Cities often are complex mixtures of various juxtaposed land covers that undoubtedly have different effects on temperature in the urban canopy layer. Additional study at the local scale is needed to gain a better understanding of UHI spatial variability and of the link between changes in the urban environment over time and temperature trends in the urban canopy layer. Such study requires site metadata that detail characteristics such as terrain aspect, land cover, and sky view factor [44] . Such analyses were beyond the scope of this study as the main purposes were to analyze and compare temporal trends in extreme temperature and not to assess the spatial variability of the UHI effect in Riyadh city. Understanding whether urbanization is mitigating or exacerbating largerscale warming is important not only to human heat stress and comfort but also to various other sectors such as energy and water provision and urban planning, specifically regarding the incorporation of more vegetation cover and green infrastructure into arid cities to mitigate larger-scale warming.
